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Abstract 


The lattice parameter of Ni-14 at* % Si alloy measured by 
X-ray diffraction was found to be 0.351810 nrtu The sample has 
been aged at 5 different temperatures for various lengths of time 
and the kinetics of precipitation has been studied by measuring 
their lattice parameters. The lattice parameter of precipitate 
phase has been determined at all the 5 temperatures for various 
lengths of time, it was found to be 0.35022 nm. The solvus line 
has been determined and the analysis of solvus line gives a 
value of - 3 51 ca 1/mole for the standard enthalpy of formation of 
compound Ni Q 773 s io # 227* The c ~ curve has been established. The 
kinetics of precipitation studied in this investigation follows 
the Johnson-Mehl type of equation. The slope 'n' was found to 
be 0.83 at all aging times and temperatures which shows that 
same mechanism is valid at all temperatures and for entire time 
range, work on precipitation hardening suggests that the hard- 
ening can be observed at temperatures below 650°C. At higher 
temperatures no appreciable hardening was observed. The preci- 
pitation of this alloy could not be suppressed by aircooling. 

This is due to the low mismatch between solid solution and the 
precipitate which was only 0.45% found in this investigation. 



Chapter I 


Introduction 


Nickel is the hardest and strongest of the unalloyed 
common metals with good ductxlity and malleability.^^ It 
is a rather chemically inactive metal and characterized by 
good resistance to corrosion and oxidation. It is white in 
colour and has good workability and good mechanical proper- 
ties, It forms tough, ductile solid-solution alloys with 
many of the common metals. It has wide range of solubiliti 
for other alloying elements. Approximately 60% of the nickel 
produced is used in stainless and nickel-alloy steels. Most 
of the remainder is used in high nickel alloys and for 
electroplating. When one uses nickel as an alloying element, 
one can achieve several beneficial properties such as greater 
strength without increase in brittleness, fineness of grain 
structure, improved fatigue resistance, improved corrosion 
resistance and resistance to oxidation at higher temperatures 
and improved strength at higher temperatures. 

Nickel base superalloys constitute an important 
class of materials for high temperature applications at 
elevated temperatures. Despite their comparative simpli- 
city and binary alloys Ni-Al and Nl-Ti are representative 
of Nickel-base superalloys because they can also be hard- 
ened by coherent precipitation of the Y'-phase. The 
y ‘-phase has the Li 2 crystal structure and composition N1 3 X 
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in the binary alloys (X « Al, Ti , Si) , In the commercial 

alloys a variety of other alloying elements are liberally 

substitute for nickel and X on their respective sublattices. 

The primary interest generated in carrying out this 

project work is that the silicon forms Ni 3 Si with nickel 

which is face-centered cubic^'^ and forms coherently 

It was also found that the lattice spacing of the p^-Ni^Si 

phase is smaller than the value of the FCC disordered phase 

(Y ) at corresponding compositions. Similar contraction 

( 8 ) 

was observed in the Ni-Ge alloys. This behaviour is in 

considerable contrast to the results of the Nl-Al and Ni-Ga 
(9) 

alloys. In these alloys, it has been shown that the 
lattice spacing of the y ’-phase with the I» ^ structure lie 
on the extrapolated linear variations of spacing with at, % 

A1 or Ga in the FCC solid solutions# Nevertheless, among the 
Ni-base binary alloys, the aged Ni-Si alloys have the 
smallest mismatch between the lattice spacings of the preci- 
pitate and the matrix. The lattice misfit is only 
(7 10 n ) 

0.24% # ' so that the resulting coherency stresses 

around the particles which increase the nucleation energy 

and influence the particle growth are comparatively small. 

Also due to the small mismatch, the coherent solubility 

of Y‘ is probably not much greater than the incoherent 
{ 12 ) 

solubility. Also the degree of long range order for 

Y 1 Ni-Si (23.1 at, % Si) quenched from 1030 °C was found to 

be 0.92 suggests that the two-phase remain highly ordered 

( 13) 

upto the temperatures close to the limits of solubility 
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similar to y'-Ni-jAl. An important feature of the mechanical 

behaviour of y'-Ni^Al is the reversibility of the flow stress 

( 14) 

upon performing tests at high and low temperatures* 

For small strains, the flow stress of Y'-Ni^Al appears 

solely to be a function of the test temperature. Also Y 4 - 

Nx -Si showed similar, reversible flow stress behaviour* 

( 13) 

entirely analogous to that of Y’-Ni-jAl. These results 

indicate that the LI 2 phase of y* Ni~Si behave mechanically 

and structurally like Y'-Ni^l and therefore should produce 

similar strengthening effects in two phase mixtures with 

. ( 13) 

the respective FCC primary solid solutions. 

Silicon is mostly employed as an alloying element 

in steel* cast-iron and non-ferrous metals* In this present 

work the effect of silicon on precipitation kinetics in N±-14 

at. % Si alloy and variation in microhardness has been 

i nvestigated . 
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Chapter II 

Review of Literature 

2*1 Properties o£ Pure Nickel and Silicon 

The properties of pure nickel and silicon are listed 
in Table 2*1.1. 

2.2 Phase Diagram 

A complete investigation of the Ni-Si system first 

( 3) 

appeared in 1936 when Okamoto studied entire composition 

range* However, the data as to the solubility of silicon 

( 17) 

in solid nickel were reported by various investigators. 

The values found for room temperature by means of microscopic. 
X-ray and magnetic studies mainly lie close to 5 wt ( *-» 10 at.) 
% Si , At higher temperatures, however, the data points are 
badly scattered,* in the temperature range 110O-ll50°c, 
values between 12.7 and 17.6 at . % si were reported 

( 17 ) 

The phase diagram which appeared in the Hanson and Anderko 

is based on the results of a microscopic. X-ray, and diato- 
( 3) 

metric study, indicating a maximum solubility of 17*6 
at. % Si at 1120°C and a solubility of 12.7 at. % Si at 
90Q°C. This diagram is shown in Figure 2.2.1. 

Klement v examined by means of X-ray diffraction, 
alloys which had been rapidly quenched from the liquid 
state; alloys with £15 at. % Si were single phase while 
an 18 at . % Si alloy yielded diffraction lines extraneous 
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( 15) 

Table 2.1.1 Properties of Pure Nickel and Silicon 


Property 

Pure Nickel 

Pure Silicon 

Crystal structure 

FCC 

Diamond cubic 

Lattice constant 

3.5239 A (16) 

S & 

Density 

8.902 g/cc ( 25°C) 

2.33 g/cc ( 25°C) 

Melting point 

1453°C 

1410°C 

Boiling point 

2730°C 

2480°C 

Tensile strength 
( annealed) 

46000 psi 


Yield strength 
( annealed) 

8500 psi 

- 

Elongation 
( annealed) 

30% 

- 

Compressive strength 


13470 psi (chi 
cast) 

Mode of rupture 

- 

9046 psi (chill 
cast) 


TEMPERATURE, *C 



rig* 2* 2 a « 
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to the (Ni) pattern. These unidentified lines do not 

correspond to the (Ni 3 Si) phase as reported by Osawa and 
(4} 

Ojcamoto. 

Recently the Ni~nch portion of the Nl-Si phase 

diagram has been studied by YoshihiroOya and Tomoo- 
( 8 ) 

Suzuki. According to them the solubility of silicon in 
FCC nickel extends to a maximum of about 15.8 at. % Si at 
the eutectic temperature of 1416 K (1143°C) but decreases 
to less than 10 at. % Si at 1000 k (727°C) , This result 

( 3) 

gives a narrower solubility limit than obtained by Okamoto 
( 18) 

and Klement. The revised diagram which has been proposed 

on the basis of their work is qualitatively similar to the 
previous ones except as regards the mode of formation of 
the |3 -phases and the stability range of the y -P hase. The 
diagram is shown in Figure 2.2.2. This diagram has been 
examined by differential thermal analysis , X-ray diffrac- 
tion and metallographic studies. 

2.2.1 Crystal Structure of intermediate Phases 

An intermediate phase of the approximate composition 

Ni -Si (25 at. % Si) (Ni and Si were rather impure) had 

( 19) 

already been found by Guertler and Tammann. Several 

( 20 21 22 ) 

authors ' ' assumed this phase to be stable only 

above 1100°C (proposed eutectoidal decomposition at about 

1125°C to a and Y) # but it was clearly shown by 

others^ that Ni 3 Si exists down to room temperature. 

( 3) 

According to Okamoto , Ni-^Si undergoes two transformations 



00 ajfuvitduMj, 


fig«2*2»2 Niclcol rich portion o£ tho phase dlagrm aodiflsd 
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at ~1120 and 1040°C? the three modifications are designated 

as p 3 , p 2 and ^ in the Figure 2.2.1. The composition of 

(3) 

these phases alters slightly with temperature resul- 
ting in eutectoid like microstructures • According to many 
investigators* 3,4 * 5 & has the cubic Cu 3 Au (LIg) type 

_ O (6) 

of structure, with a = 3.507 + 5 A» 

The P 3 -phase formed peritectically at HU65°C 

transforms to P 2 *"*1125*0, which transforms to at 

~1040°c. Although the ordering transformation of p 2 to ^ 

at 1040 °c takes place slowly with a negligible heat effect. 

The changes in volume and crystal structure are clearly 

defined. The crystal structures of p 2 -Ni 3 Si and p 3 -Ni 3 Si 

( 23 ) 

has been determined by Ram and Bhan by X— ray diffraction. 
The crystals of P 2 ” an{ ^ P 3 — Ni 3 Si are pseudocubic or distorted 
monoclimc with a — 6.97 2 and 7.04^, b = 6.25^ and 6.26^, 
c a 7.65 t and 7.66- A, and P* 87.75°, and 87.14°, % - 16, 

O o 

respectively. These phases appear to be isostructural 
with Pt 3 Ge . The degree of monoclinic distortion depends 

on the atomic misfit. The structures were further confirmed 

/ o\ . (24) 

by Oya and Suzuki . However , Labaili and Sylavain© 

proposed an orthorhombic (Fe 3 C) structure for P 3 ~ NigSi, 

O 

with lattice parameters a * 5.50, b ® 6.50 and c => 4.35 A. 

(3) 

Okamoto describes that the stable region of the 

p -phases shifts slightly towards the silicon rich side with 

increasing temperature. The nature of this slanting of 

( 8 ) 

the p-phase region was conformed by Oya and Suzuki. 

According to Lutskaya and Geld* 


the homogeneity region 
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of the p-phase was found to be within the limits of 22.5 

( 8 ) 

and 23.4 at. % Si . But Oya and Suzuki found it from 

22.8 to 24.5 at. % Si t while on the other hand/ both the 

high temperature forms p 2 and P 3 are almost stoichiometric. 

In the phase diagram which has been shown in 

( 8) 

Figure 2.2.2, which was modified by Oya and Suzuki, 
the P 1 -phase forms pentectoi dally at 1035°C a(Ni) +• P 2 ** P 1 
and forms a eutectoid with the y -phase at 990 Q C, p 2 Z + y. 
The composition of the pentectoid and eutectoid reactions 
can be found to be 23.7 and 25,2 at, % Si respectively. 

The polymorphic transformation j3 2 P 3 occura at 1388 K, 

( 3 ) 

which was in good agreement with that measured by Okamoto 
( 1125°c) . According to their work/ the eutectic temperature 
L -*■ a + p 3 is found to be 1416 K at 21.4 at, % Si while 
Okamoto gives 1425 K and 21.4 at, % Si , which was in good 
agreement . 

Ni t-Si ^ {28.57 at. % Si) named y by Iwase and 
(20) (3) 

Okamoto, has, as Okamoto showed microscopically/ also 

( 4) 

a small range of homogeneity, Osawa and Okamoto indexed 

the powder pattern tentatively with an orthohexagonal cell 

( 26 ) 

containing 91 atoms. Pilstrom showed that the structure 
for Ni 5 si as hexagonal (trigonal symmetry), with a para- 
metric variation with composition, a = 6.670 A, c - 12.267 A 
(Si-rich) and a = 6.670 A, c = 12.332 A (Ni-rich). The 

trigonal symmetry of NigSi 2 was further confirmed by 

( 27 ) 

Saim, Calvert and Taylor and gave the hexagonal 



parameters at stoichiometry * a = 6.68 + 0.02 A, c * 12.28 
+ 0.03 A/ which is in reasonably good agreement with 
Pilstrom/ 26 ^ 

The phase boundaries of the 6 and © phases, 

located at or near the composition Ni 2 s i (19.31 wt. % Si) 

(4) 

(33.34 at. %) were established by osawa and Okamoto and 
Iwase and Okamoto. ^ 20 ^ Based on the work of Osawa and 
Okamoto^ ^ on powder photographs, Toman^ 2 ®^ derived the 
structures of both 6 and © by means of measurements on 
monocrystals. 6 or Ni 2 Si (L), is orthorhombic, with a « 

7.06 A, b = 4.99, c = 3.72 A, and 12 atoms per unit cell. 

©, or ( Ni 2^ i ) (H), is hexagonal, with a = 3.805 A, c » 4.890 A, 
c/a =* 1.285 (for a 24 wt . (39.8 at.) % Si alloy quenched 
from 964 °C) , and 6 atoms per unit cell. These parameters 

( 4) 

differ only slightly from those found by osawa and Okamoto. 

Ni 3 Si 2 (24.19 wt, % Si) (40.01 at. % Si) is formed 

( 19) 

by a pentectoid reaction as shown by Guertler and Tammann 

and Iwase and Okamoto/ 20 ^ The powder pattern was indexed 

by Osawa and Okamoto^ with an ortho hexagonal cell conta- 

C 26 ) 

ming 45 atoms. Pilstronr showed by single crystal and 
powder analysis of ni 3 Si 2 that it is orthorhombic, space 
group cmc2, 16 molecules per unit cell, a « 12.229 A, b » 
10.805 A, C = 6.924 A. 

Boren (29) reported Nisi (32.37 wt . % Si) (50.01 

at. % Si) to have the cubic FeSi structure. However, Osawa 

and Okamoto^ ^ and Schubert and Pfisterer^ 0 ^ showed 

( 31) 

this compound to be non-cuhic, and Toman, 


m measurements 
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on monocrystals, found an orthorhombic structure, with a * 
5.62 A, b = 5.18 A, c ** 3.34 A, and 8 atoms per unit cell. 

The orthorhombic MnP structure was further confirmed by 
Wittman et al«^ 3 ^ 

According to Schubert and pfisterer^ 30 ^ normal 
temperatures NiSi 2 (48.90 wt, y 0 Si) ( 66.67 at. % si) has 
the CaF 2 (Cl) type of structure, with a = 5.406 + 3 A. 
According to Osawa and Okamoto,^^ it is doubtful whether 
the high temperature modification of NdSi 2 (stable above 
981°c as reported by Iwase and Okamoto , ^ 3<3 ^ while Guertler 
and Tammann^ 19 ^ found thermal effects at about 950°C) can be 
quenched. Schubert and Pfisterar^ 313 ^ suggested an order 
disorder transformation. 

The results of a microscopic study of alloys with 

38-98 wt, % Si as studied by Johnson and Hansen are in 

keeping with the constitution shown in the Figure 2.2.1. 

The heat of formation-composition curve showed two 

marked points of inflection corresponding to the compositions 

( 34 ) 

Ni 0 Si and Nisi as reported by oelsen and Samson* 

2.3 Lattice Parameters of the Solid Solution s 

The nickel-silicon solid solution lattice spacings 
have been measured by Osawa and Okamoto^ 4 ^ for alloys which 
are annealed at progressively lower temperatures between 
1100° ard 700° C and finally cooled slowly from this temper- 
ature. The measurements were obtained from back-reflection 
photographs taken with FeK radiation by averaging lattice 



spacings from the (222) and (311) reflections. The lattice 
parameter versus compositions are plotted in Figure 2*3.1. 

Further, Klement^ 18 ^ (1962) measured the lattice 
parameters of Nx-si solid solutions. Klement, using a very 
rapid quenching method, has extended the Ni solid solution 
metastably upto about 18 at. % Si. Alloys were prepared 
from 99.92 % Ni, 99.999% Si by melting them inductively xn 
alumina crucibles under H 9 . Compositions were estimated 
to +0.2 at. % from weight losses. Lattice parameters from 
CuK a radiation pictures in an 11.46 cm diameter Debye- 
Scherrer camera, tsnr extrapolation. Temperature was 
26 + 3°c Several different determinations were made for 

wrm 

each alloy. The lattice spacing variation shown in Figure 
2.3.1, is linear with composition, the slope being -0.5g x 
10™ 3 A per at. % si. The results differ from those of Osawa 
and okamoto.^ 4 ^ The X~ray pattern of the quenched alloy 
with 18 at. % Si contained a few faint extra reflections 
which were not due to Ni^Si. 

The lattice parameters of NIL -Si solid solutions 
were further determined by Oya and Suzuki (1983). The 
solid solubility of Si in Ni was found to be decreased than 
earlier reported values. The modified Ni-nch portion of 
the phase diagram has been shown in Figure 2.2.2. The vari- 
ations in lattice spacings as a function of composition are 
shown in Figure 2.3.1 with the data from previous investi- 
gators, osawa and Qkamoto^ 4 ^ and Klement. 
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2 . 4 Structure and lattice Parameter of Nl ^ Sl Phase 

As described earlier in the Section. 2.2 that msnber 

(ri\ ( 4 ) 

of investigators/ Okamoto, ' Osawa and Okamoto, Kusu'* 
moto^ 5 * andLashk^ 6 ^ showed that Ni 3 Si p phase has the 
cubic Cu 3 au (bl 2 ) type of structure. Lutskaya and Gel*d v 
found the homogeneity range within the limits of 22.5 and 

23.4 at. % si. But Oya and Suzuki^ 8 ^ (1983) found it within 
22.8 and 24.5 at. % Si. 

The lattice parameter of Ni^Si p^-phase has been 
given by number of investigators. Osawa and Okamoto^ ' (1939) 
gave the lattice parameter as a = 3.496^ KX (3.4969 x 1.00202 
= 3.5031 A) at 13.0 wt. (23.8 at. %) Si. Latter Lashko (6> 
(1951) studied the lattice parameter of ^-Ni^i and gave 

Mr \ 

the value a = 3.507 + 5 A. However/ Bad tie gave the 

a 

lattice parameter value a = 3.504 A. 

Recently, the lattice parameter of ^-NijSi has been 
studied by Labaili and sylvaine^ 24 * in the composition ranges 
of 24-26 at. % Si, and found the value a = 3.505 A. The 
value is in good agreement with the published results. The 
lattice parameter values of p^^-Ni^i studied by various 
investigators are listed in Table 2.3.1. 

2.5 Electron Microscopic and X-Ray S-tudias on Aged Ni-Si 
Alloys 

It is now well established that the precipitation 
of y' is a very rapid process in the binary alloys, and the 
growth of the y* particles proceeds by diffusion controlled 
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coarsening at a very early stage. Chakraborty and 

(7 ) 

Hornbogen studied the aging characteristics of Ni-12 at. 

% Si and Ni-13.8 at. % si which were solution treated for 

15 hrs. at 1100°C# quenched in water and aged hardened at 

600 and 750°C for periods up to 70 hrs. and examined by 

Transmission Electron Microscopy • It was shown that the 

at. % 

as-quenched alloy containing Si 12 /has a homogeneous solid 

solution structure, but the alloy containing Si 13.8 at. % 

shows traces of Ni^Si (y 1 ) precipitates. On aging# the 

equilibrium phase Ni^si precipitates coherently as spheres 
0 

up to 800 A diameter and as cubes beyond this size. Discon- 
tinuous precipitation starting at grain boundaries leads to 
the formation of incohrent Ni 3 si, According to Labaile^ 24 ^ 
the p^-phase low temperature precipitate showed the sequence 
of cubes and then dendrites aa a function of 3i-ouper- 
saturation. 

The process of structure formation during the slow 
cooling of alloys that age harden with the precipitation of 
they’-phase have been investigated by electron diffraction 
methods. The alloy studied was Ni-6.7 wt. (13.05 at.) % 

Si. Rolled specimens of the alloy were homogenized at 1050°C 
for 1 hour and then cooled at rates of 1 and 7 *C/min to 
950# 900 and 850°c and held for various times. A dendritic 
structure is formed in the Ni-base alloys which have diff- 
erent specific volumes of the matrix and the precipitated 
Y'-phase as well as anisotropy of the elastic properties of 
the matrix# during slow cooling and subsequent high temperature 
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aging. Dendrites are formed on faceted cubic crystals as 
a result of rapid tangential growth of their (100) faces, 
and their formation was determined by the conditions of 
diffusion of the dissolved atom* 

During a study of Ni-Ni^Si^ eutectic specimens, 
compositions used were 7.5, 11*5* 12.1 and 16.1 wt. (14*5* 
21.36, 22.35 and 28.63 at.) % Si and furnace cooled. 

Gardiner^ ' found the another phase present in the form of 
very small dendrites. These microdendrites were originated 
from a solid state precipitation reaction. A similar mor- 
phology was also obtained for an alloy [12617-41-3 ] in the 
Ni-Ni^Al system. The dendritic precipitate morphology is 
most likely to occur in systems in which the precipitating 
phase and matrix phase have closely similar crystal struc- 
tures and similar lattice pe rameters , 

The electron microscopy and x-ray diffraction were 
used to study the growth, distribution and shape o£ Y 
precipitates and the effects thereon of dislocations in 
binary alloys of Ni containing Si 11,5-13.8 at. The 

difference m the compound lattice parameter (e) between 
precipitate particle and matrix in association with the 
particle size determined the distribution and shape of the 
precipitate viz., a homogeneous distribution of spheres, or 
particles (spheres or cubes) which arrange themselves in 
rows which subsequently coalesce to form rods. Dislocations 
may increase or decrease the activation energy for nucleation 
of Y*? at certain temperature nucleation occurs preferentially 
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on edge dislocations for particles with e / 0. While at a 
certain degree of supersaturation particles form indepen- 
dently of e in the vicinity of dislocations and in the basic 
lattice, similar processes occur if y r is metastable. 

The coarsening behaviour in Ni-Si alloys has been 
studied in detail. Ardell*' 37 ^ studied the various aspects 
of the Lifshitz-Wagner theory of particle coarsening using 
data on the y 1 -precipitate in binary Ni-base alloys of Si. 

The kinetics of the growth of average particle, the experi- 
mental distributions of particle sizes, and the variation 
with time of the average solute concentration of the matrix 
were in excellent quantitative agreement with the predic- 
tions of the Lifshitz-Wagner theory. 

( 

Rastogi studied the coarsening kinetics of 
Ni 3 Si (y • ) precipitate in a binary Ni-6.5 wt. (12.7 at.) % 

Si alloy by magnetic techniques and transmission electron 
microscopy. It was found that the variation of the silicon 
content of the Ni-rich matrix, as a function of time, 
followed Lifshitz and Wagner theory for diffusion controlled 
coarsening phenomenon. The established values of equilibrium 
solubility of si in the matrix represent the true coherent 
equilibrium solubilities. The experimental particle-size 
distributions and average particle size were determined 
from dark laid electron micrographs. The average particle 
size varied linearly with t~ 1//3 . The experimental distri- 
butions of particle sizes differed slightly from the theore- 
tical curve at the eayly stages of aging, but the agreement 
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was satisfactory at the later stages* The values of the 
diffusion coefficient of si, the interfacial energy, and the 
activation energy were calculated from the results of coarse- 
ning kinetics. The experimental value of the effective 
diffusion coefficient was in satisfactory agreement with the 
value predicted by the application of irreversible thermody- 
namics to the process of volume constrained growth of a 
coherent precipitate during coarsening. It was found that 
the coherent y" -particles in Ni-si alloy, unlike those in 
Ni-Al and Ni-Ti, seemed to lose coherency at high temperature. 
A mechanism for the formation of a semicoherent precipitate 
was suggested. 

Rastogi^ 39 ^ (1970) suggested that the loss of 
coherency of the y 1 -phase particles on aging is due to the 
supply of dislocations from he Ni -matrix to the particle 
matrix interface by a climb process. Thus loss of coherency 
was manifested by a sudden decrease of the Si concentration 
xn the Ni-matrix. This phenomenon appeared on aging the 
specimens at 775°C; it also appears at lower temperatures 
on specimens previously deformed by rolling. 

Rastogi and Ardell^ 40 ^ studied the y '-coarsening by 
measuring the silicon solute kinetics. The ferromagnetic 
Curie temperature (°c) was determined and referred to a 
calibration curve of 6> vs* solute content. The Si-concen- 

U 

tration in the matrix of an aged 6.5 wt. (12.7 at.) % Si- 

1 /o 

alloy decreased linearly with t during the growth of 
the y' -precipitate. The yWnatrix interfacial free energy 
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2 

obtained from the coarsening data -was ^12 ergs/cm • The 
diffusion coefficient *ras about an order of magnitude larger 
than the diffusion coefficient for Si in very dilute NdL-Si 
alloys. The steady state distribution of particle sizes was 
achieved after 5 hrs. at 775°C. The y ‘-pa rticles became 
semicoherent after 16 hrs. aging at 775°# shown by the 
formation of dislocation networks at the y '-matrix interfaces. 

In a recent study Dvorack^ 4 ^ studied the precipi- 
tation kinetics of the y f -phase in a supersaturated Ni-12.5 
at. % si single crystal. It was found that the precipitation 
kinetics closely follows predictions of the Lifshitz and 
Slyozov (1961) and c. Wagner theory (1961) in both the growth 
and coarsening stages. The y '-precipitate is nearly spheri- 
cal during aging <300 hrs. at 400°C. Kinetic development of 
the average particle radius clearly showed a transition from 
first stage growth to second stage coarsening, combining 
the rate constants of the 2 stages t it was possible to calcu- 
late the solute dlffusivity and interphase interfacial free 

energy simultaneously . The method differs from that sugg- 

( 37 ) 

ested by A.J. Ardell in that only the particle size 

kinetics are needed for the current analysis/ as opposed to 
knowledge of rate constants for both the average particle 
coarsening and decrease in solute concentration in the matrix. 

The dissolution experiments on Ni-Si alloy system 
confirmed the conclusion that the solubilities of Y', deter- 
mined from magnetic studies of Y '-particle coarsening/ are 

( 42 ) 

definitely coherent solubilities. 
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2.6 Mechanical Behaviour of Homogenised and Aged Nl~sl 
Solid Solutions "'" 1111 "" 1 r ~ T ~ 

The mechanical properties of binary Ni-( 4.1-15*6) 
(8*2-27.9 at.) % si alloys were studied by Barker and 
Evans. ^ 43 * The alloys became progressively more brittle with 
increased silicon; the heat treatment of 11% Si (20.5 at. %) 
material at 1000°C for 16 hrs. substantially improved ducti- 
lity. 

The effect of solute atom on the mechanical proper- 
ties of Ni was further studied by Yoshida, Takenchi and 
Fukuzawa.^ 44 ^ The wire specimens of Ni solid solutions were 
strained in tension at various temperatures between liquid He 
and 500° K . The temperature dependence of yield stress became 
more pronounced with increasing solute concentration/ as 
generally observed in FCC alloys* At high temperature/ 
however/ the yield stress decreased upto 500°K. This 
behaviour is different from ordinary FCC alloys. Some corre- 
lation was found between the hardening effect and the atomic 
size of solute element. The yield stress (cr y ) at 0°K 
obtained by extrapolation of the c —T curve was related to 
the solute concentration by the equation a ac c n , where n 
was a constant between 2/3 and 1. Activation volumes were 
determined by the strain rate change method. They turned 
out to be an order of magnitude larger than the value that 
is expected when the rate determining process is the inter- 
action between the dislocation and each solute atom. The last 
two results cannot be explained by the existing theories 
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on solid solution hardening. 

The effect of small additions of Si on the yield 
point of Ni has been investigated by Khayutin and Mesh- 
chaninov.^^ Stress-strain curves were determined on speci- 
mens after annealing at various temperatures. The results 
were interpretted in terms of Petch-Hall equation as modified 
by subsequent workers. It is concluded that m general 
alloying Ni with Si strengthens it in direct proportion to 
the elastic distortion although very small created in the Ni 
lattice by the dissolved atom. This effect is attributed to 
the electrochemical interaction of Si with dislocations in 
accordance with the Suzuki mechanism. Texture formation was 
found to affect the coefficient of grain boundary strength- 
ening in the Petch-Hall equation. In a marked cubic 
texture, is less when the re is elastic interaction of the 
additions with the grain boundaries and dislocations than 
il is in the absence of such a texture. This effect is m 
qualitative agreement with Li's theory. 

The compressive flow stress of nonstoichiometric LI^ 
compound Ni^Si was measured as a function of composition at 
77-800 K by Oya and Suzuki.^ 46 ^ The effect of nonstoichio- 
metry on the positively temperature dependence of strength 
and defect strengthening in polycrystalline Ni^Si is similar 
to those found previously for Ni 3 Al and Ni 3 Ga alloys. The 
greater positive temperature dependence of strength, limited 
homo gensity range within the Ni-rich side of stoichiometry, 
and lattice contraction in forming Ll 2 ordered structure 
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observed in Ni^Si and Ni^Ge are characteristic of compounds 
containing 4-B subgroup elements as the minority component. 
The difference in extent of homogeneity unge in various 
LX 2 compounds is explained by using an asymmetric index 
deduced from the free energy behaviour in the vicinity of 
stoichiometry. All the characteristic natures are discussed 
in terms of the change in bond strength. 

Polycrystalline and single crystal Ni-6.5 wt„ % Si 
(12.T at. % si) aged at 800°C to produce coherent particles 
of ordered Ni^Si having a misfit of 0.3%, were deformed 1-2% 
in tension at room temperature.^ 7 ^ Thin films were subsequ- 
ently examined at 500 KV in an electron microscope. The 
deformation was inhomogeneous and caused a wide range of 
strains. The Orowan dislocation loops do not anneal out 
until temperatures are reached at which dislocation climb 
occurs by bulk diffusion. 

The temperature dependence of the flow stress of 1 

( 1 o \ 

phase Ni^Si has been studied by Thornton and Davies. 

Chill cast ingot of composition Ni-23.1 at. % Si 
was homogenized for 5 weeks at 1000° C and one week at 

1050°C • The alloy was found to contain approximately 5% of 
second phase distributed at the grain boundaries. It was 
found that the degree of long range order, after quenching 
from 1030° C was 0.92. The result suggests that the two phase 
remain highly ordered upto temperatures close to limits of 
solubility. This behaviour is the same as that of Ni 3 Al. 

Since an increase in the flow stress with increase in 
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temperature can be a consequence of a change in the degree 
of long range order, ^ 48 ^ samples were quenched from tempera- 
tures in the range 500° to 1050° G and the flow stress measured 

( 1 

at room temperature,' 3 ' The flow stress of quenched sample 
was essentially the same as that of the slowly cooled samples. 
This behaviour is identical to that of y Ni^Al, and was 
further confirmation of the results from X-ray studies 
reported above, that the alloy remain ordered at high temp- 
eratures. 

The variation in flow stress with change in tempera- 
ture is shown in Figure 2.6.1 for the y’-Ni-Si phases. The 
flow stress increases by a factor of approximately 2 between 
room temperature and the peak whereas that in y'-wi^Al, by 
a factor of approximately 5. The temperature at which the 
flow stress peaks occur do not appear to bear any simple 
relationship to the maximum temperature of stability of the 
phase . 

An important feature of the mechanical behaviour of 
y * Ni^Al is the reversibility of the flow stress upon perfor- 

° ( 14 ) 

rung tests successively at high and low temperatures. 

For small strains, the flow stress of Y r -Ni 3 Al appears 
solely to be a function of the test temperature. Also Y r - 
Ni^Si showed similar, reversible flow stress behaviour, 
entirely analogous to that of Y * -Ni^Al. 
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2*6.1 Intergranular Fracture and Grain Boundary chemistry 

The intergranular fracture and grain boundary chem- 
istry of Ni^Si has been studied by Auger Electron Microscopy. ^ 49 ^ 
It was found that Ni 3 Si is quite susceptible to grain boundary 
embrittlement. Nl 3 si undergoes several phase transformations 
between the melting point and the order-disorder transition 
at 1035° C. Consequently# the grain boundary facets of Ni 3 Si 
are formed during a solid state transformation. All the 
Ni_Si samples studied were found to be grain boundary brittle 
in both the water quenched and step cooled condition. Since 
sulphur segregation to grain boundaries was detected only in 
the step cooled samples and since in even these samples the 
segregation was found to be minimum for most grain boundary 
facets# it was concluded that the grain boundaries of Ni 3 Si 
are intrinsically brittle. 

2.6.2 Hardness during Deformation 

Homogenized sheets of nickel containing 12 at. % Si 
were deformed by rolling at room temperature upto a 90% degree 
of deformation. ^ 50 ^ The alloys were then annealed at 600° C 
and changes in physical properties measured. The hardness 
of the moderately deformed alloys increased with annealing 
time# contrary to alloys deformed above 30%, which displayed 
practically constant hardness during annealing. Very strong 
deformed Ni-si alloys showed a pronounced hardness decrease 
during annealing. The critical region of deformation at 
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which during annealing very little hardness change occurs is 
a function of alloy composition and annealing temperature 
employed. Electron microscopic investigations of deformed/ 
annealed and quenched Ni-si alloys revealed a dislocation 
pattern characteristic for materials of low stacking fault 
energy (<20 ergs/cm ). correspondingly treated pure Ni 
metal had a cell type dislocation arrangement due to a large 
stacking fault energy. Based on further evidence it was 
concluded that the decrease in hardness during annealing of 
increasingly deformed Ni-Si alloys is caused by preferred 
formation of Ni 3 Si particles on dislocations/ resulting in 
an increase of the effective average particle distance. 

The experimental data were obtained concerning the 

hardening of binary solid solution of Ni with Si during 

( 51 ) 

deformation by Ag eev, Guseva and Egiz. . ' By examining the 
elastic interaction between the screw and the edge disloca- 
tions with impurity atoms it was shown that dislocations vdth 
the predominantly edge component take part in the hardening 
of solid solution at the yield point. The role of the screw 
dislocations were not completely determined owing to the 
nature of the electronic interactions of the atoms in the 
solid solution. The deformation substructure of Ni and its 
solid solutions was studied by X-ray analysis. Greater 
disruption of the substructure, greater piling up of micro- 
deformations / and increase in dislocation densities were 
observed in the solid solutions. The dimensions of the 
coherent scattering regions were determined from the [111] 
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and [200] directions. The probability of the formation of 
deformation errors in the stacking was determined* The 
deformation substructures were included in the explanation 
of the deformation hardening of solid solutions. The reduc- 
tion of the stacking fault energy as compared to pure Ni wa3 
found as was already reported by chakraborty and Hombogen. 

Seregin, Ivanov and sukhovarov v ' investigated the 
process of structure formation in the annealing of deformed 
Nl that age harden with the precipitation of the y ‘-phase. 

The alloy studied contained Ni with 6.7% ( 13.0 at % Si). 

The alloy was deformed by rolling to various degrees and 
annealed at various temperatures. It was found that depending 
on the structure of the alloys and the annealing conditions, 
three mechanisms operate in removing the effects of cold 
working and in forming a two-phase structure: ( 1 ) the comb- 
ined reaction of recrystallization and discontinuous decom- 
position; ( 2 ) the formation of a structure of the microduplex 
type, consisting of the grains of the y -solid solution and 
Y* -phase grains; and (3) the reaction of solution of the 
Y* -particles at the migrating boundaries, followed by the 
continuous precipitation of particles within the recrystall- 
ized grains. The mechanism of the formation of the micro- 
duplex type of structure has been studied in detail. An 
explanation of the results obtained is advanced; in this, 
account is taken of the proportion by volume of the preci- 
pitated phase and the relationship between the rates of 
development of the processes of recrystallization and preci- 
pitation of Y* -particles in the deformed alloys. 
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Berezina et al. studied the hardness recovery 
in Ni-si alloys* It was found that in alloys with a modula- 
ted structure, hardness recovery was greatly influenced by 
dissolution of coherent, equilibrium, or intermediate phase 
precipitations providing the heat treatment was carried out 
above the solubility temperature for coherent precipitation* 
The degree of hardness recovery primarily depend on the 
magnitude of solid solution depletion following low-tempera- 
ture aging and also on the level of coherent stresses. An 
explanation of this recovery is now advanced, which is based 
on concepts of the nonstationary stage of coalescence during 
two stage hea t- treatment. ^ It is concluded that to 
explain the structure and properties of alloys containing 
coherent particles of precipitate under conditions of multi- 
stage heat treatment, it is necessary to take into account 
the position of the coherer t solubility curve, the size 
distribution of the particles, the position of the solubility 
curves of the particles of the precipitated phase at the 
treatment temperature and the kinetics of the solution and 
growth of the particles at the high temperature stage of 
treatment. 

2.7 Chemical Properties of Nl-Sl Solid Solutions 

2.7.1 corrosion Resistance 

The corrosion-resistance of Ni-Si alloys in acidic 
and alkali mediums was measured by number of investigators. 
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2.7. 1.1 Corrosion Resistance In Acidic Medium 

The addition of si to Ni increases the resistance 
to h 2 so 4 «^^ Further studies on corrosion resistance in 
h 2 so 4 solution were made on binary Ni-( 4. 1-15 .6) % si alloys. 
It was found that with cast binary alloys corrosion resis- 
tance improved progressively with si upto 15%; the resistance 
showed a minimum at 7-8% Si.^ 43 ^ The alloys became progres- 
sively more brattle with increased silicon; the heat treatment 
of 11% si material at 1000°C for 16 hrs. substantially improved 
ductility and corrosion resistance in both concentrated and 
dilute acids. 

The intergranular corrosion of nickel containing .£4% 
silicon was studied by SEM.^ 6 ^ The attack is made by poten- 
tiostatic application in an aquous H 2 SC> 4 solution. The 
close parallelism between the attack and the energy of the 
grain boundaries suggests a segregation of Si in the inter- 
granular zones. 

Further Beaumer at al^ 57 * studied che general and 
intergranular corrosion of Ni-si alloys containing <&/<> So., 
cold rolled and heat treated at different times and tempera- 
tures. General and intergranular corrosion greatly increased 
for times <16 hrs. and low heat treatment temperatures. Long 
time susceptibility to intergranular corrosion did not vary . 

A decrease in intergranular corrosion with heat treatment 
time and increasing si content was found. This effect is 
due to recovery and recrystallization. An effect of Si 
segregation in grain boundaries was additional, short heat 



32 

treatment time results are different if the grain boundaries 
are parallel or perpendicular to the rolling direction. 

Recently the influence of microstructure on the 
corrosion behaviour was studied by Kumar. ^ 58 ^ The Ni-base 
Hastelloy D [12605-86-6] containing 9% Si, 3 % cu shows high 
corrosion resistance to H^so^, oleum and sulphate-ion environ 
ments. This alloy is characterised by the presence of inter- 
metallic Ni^Si-p-phase and Ni 5 si 9 y -phase in Ni-Si solid 
solution as a-phase matrix. The corrosion resistance is 
provided by the coarse inte metallic phases, size of inter- 
metallic phases is dependent on the processing condition and 
heat treatment. The corrosion resistance can be changed by 
heat treatment of cast or wrought alloy. The a-phase is 
susceptible to corrosion more than other phases. 

The intergranular corrosion studied by electron 
energy loss spectroscopy at high voltage and X-ray analysis 
showed that small silicon additions to Ni increased the inter 
granular corrosion with a maximum at 0.64J4 Si. This was 

interpreted on the basis of segregation phenomena . Special 
grain boundaries with high defect density confirmed the 
strong segregation of Si at the boundary. Corrosion experi- 
ments were conducted with thin rolled foils containing Ni 
99.36, Si 0.64, for 30 dayfe at 1200°C in a sulphur solution. 
In a recent study by Lorang et al^*^ also showed that small 
quantities of silicon improve the intergranular corrosion 
resistance of Ni in H 9 S0 4 , except for dilute alloys (0-2 at. 
% si) where the increasing corrosion is attributed to Si 
segregation. 
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2. 7-1. 2 Hot Corrosion Study 

Ni alloys containing 10*03 wt* % si were oxidized 
and hot corroded in pure oxygen at lOOC’C.^ 61 ^ Small 
amounts of si increased the oxidation rates in comparison to 
pure Ni in accord with the parabolic oxidation theory of the 
C. Wagner (1965). At high Si concentrations the oxidation 
rates decreased owing to the forma tien of oxide phases in the 
scale other than nickel oxide. In general , the high si 
alloys showed excellent resistance to the hot corrosion 
process, gaining or losing <0.5 mg/cm in 30 hrs. Microprobe 
and X-ray diffraction studies indicated that amorphous SiO^ 
formed to aid in retarding both the oxidation and hot corro- 
sion processes. 


2 . 7 . 1 . 3 Corrosion Resistance in Alkali Medium 

A study was made of the effect of addition of Si 
0.36, 1.24, 1.94, 3.19% on the corrosion resistance of Ni m 
65% NaOH at 180-200°C in 900 hrs. tests. ^ 62 ' ) Specimens for 
corrosion testing were cut from welded joints, with increa- 
sing alloying content the corrosion rate increased, but only 
insignificantly compared with that of NP-2Ni. Rates were 
maximum after 150-250 hrs. testing and then fell with time 
so that at 900 hrs. all the alloys had a corrosion rate of 
0.01-0.03 mm/year (NP-2N1 0.01 mm/year). Meta llo graphic 
analysis showed no intercrystal line corrosion in any case. 

It was found that addition of Si <1% has practically 
no effect on the corrosion rate of Ni and its alloys in KOH 
melts. 
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2.8 Scope of Present Work 

The binary Nl-Si alloys are an important class of 
materials. The binary Ni-si alloys can be hardened by 
coherent precipitation o£ the y* -phase. Moreover, among the 
nickel base binary alloys, Ni-Si alloys have the smallest, 
mismatch between the lattice spacing of precipitate and matrix 
so that the resulting coherency stresses around the particles 
are comparative ly small, y * Ni-Si also shows the reversible 
flow stress behaviour, entirely analogous to that of Y'-Wi^Al. 
The results indicate that the y* Nl-Si should produce stren- 
gthening effects in two phase mixtures like Ni^Al. 

In the extensive literature survey, it was found that 
no one has worked on the kinetics of precipitation behaviour 
in the Nl-Si binary alloys. In fact Ardell^ 4 ^ studied the 
kinetics of precipitation behaviour by measuring the curie 
point, but in this study, the precipitation kinetics has been 
studied by measuring the change in lattice parameters of 
supersaturated solid solution as a function of aging time, at 
various temperatures. 

The literature survey also shows that no one has 
worked on the hardness of aged specimens as a function of 
aging temperature and time. In this work, the microhardness 
values of aged samples as a function of time at different 
temperatures has been carried out. 
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Chapter III 
Experimental Work 

3 . 1 Preparation of Ni-14 Atomic % Si Alloy 

Pure nickel (99.999% Ni) and silicon (99.99% Si) 
were used for preparing the alloy. Both the pure elements 
were cut into pieces, weighed and mixed in required propor- 
tion (18.55389 gms. pure Ni, and 1.44625 gms. of pure Si in 
20.00014 gms. of alloy) to get 14 at. % Si concentration. 

The samples were melted in argon atmosphere in a water cooled 
copper crucible using tungsten rod as non-consumable electrode. 
The ingot weighing 20 gms. was turned over and remelted. 

This operation was carried out three times. The alloy was 
weighed once again and no change in weight was found. 

3.2 Homogenization 

After removing the oxide layer on the button, the 
alloy was sealed under vacuum (icf 3 mm)in quartz tube and 
homogenised for 24 hrs. at HOO°C. The metallography and 
microhardness measurements of the sample suggested that 
24 hrs. time was adequate to produce homogenization. 

3.3 Equipments for Heat Treatment 

Homogenisation was carried out in a siC furnace 
which is capable of going up to 1200°C. The hot zone of the 
furnace was about 6 cm in diameter and about 30 cm in depth. 
The temperature of the furnace was measured by Pt, Pt-13% Rh 




36 


thermocouple using an electronic mill voltmeter. The thermo- 
couple was directly put in the furnace. 

The aging of the samples was carried out in a 
Kanthal wound tube furnace, about 6 cm diameter. It has a 
central uniform hot zone where the sample was kept. The 
temperature was measured by Pt, Pt-13154 Rh thermocouple using 
an electronic mi lx voltmeter. At the aging temperature, the 
temperature remained constant within + 1 °C. 

The vacuum sealing was performed using a Hind Hi vac 
vacuum system which gave a vacuum of 10 mm. 

3.4 X-Ray Diffraction 

X-ray diffraction was carried out on the alloy 
powders for the determination of lattice parameter of the 
alloy, change of lattice parameter of the matrix phase with 
aging time at different temperatures and the lattice para- 
meter of NigSi phase. 

3.4.I Preparation of Powdered Samples for X-ray Diffraction 

The powders were obtained on filing the homogenised 
alloy. Fine powders were obtained by taking suitable precau- 
tions while filing. These powdered samples were sealed under 
vacuum in quartz tube, strain relieved at 1050-1100°c for 
15-20 minutes, quenched in from this temperature? and 
aged at five different temperatures for various timings and 

i 

quenched to water. 
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3.4.2 X-Ray Diffraction conditions 

3. 4. 2.1 Selection of Target Material 

It is well known that/ if one uses a target material 
with smaller characteristic radiation wavelength (K a ), the 
peaks will be shifted to lower angles. Hence there will be 
more number of peaks m the diffractograph. The more the 
number of peaks, the more the number of points in Nelson-Riley 
plot. Out of the two target materials cu and cr available in 
X-ray lab, Cu is preferred. Nickel filter is employed to 
suppress the background radiation and to make the incident 
beam as monochromatic as possible, 

3.4.2. 2 Range of *26* Used for Scanning 

Initially, the diffraction patterns of all samples 
were taken over the entire range of 2© (2© = 20° to 151°) 
using Cu target with Ni filler. Later on, the samples were 
scanned over small predetermined regions where there is a 
probability of having peak, under certain conditions of 
diffractometer so as to give maximum detectability of the 
peaks . 

3. 4. 2.3 Diffractometer conditions 

The diffractometer conditions for best resolution 
of peaks are listed below 

Radiation used : CuK a 

Filter used . Ni 


Beam slit 


2 mm 
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Receiving slit 

* 

0.3 mm 

1C 

* 

* 

3 

Voltage 

» 

30 KV 

Current 

* 

20 mA 


However, the other parameters such as scanning speed, 
chart speed and the counts per second were changed depending 
on the diffraction angle and the intensity of peaks to 
achieve peaks with best resolution coupled with good inten- 
sity, The typical ranges of the above parameters are listed 
below 

Scanning speed (26) : 0.30° /min - 3° /min 

Chart speed : 15 mm - 30 mm 

Counts per second : 500 - 5 K 

3.5 Determination of Lattice Parameter of the Homogenized 
and' Aged' Samples ' ' “ 11 ' ' ' 

The diffractographs were taken from the solution 
treated sample in the two phase region and of the aged 
samples at 5 different temperatures for various times under 
the above optimum conditions of diffractometer. A very 
precise measurement of diffraction angles (20) were made. 

Each time the diffractometer pattern of pure Ni powder 
(strain relieved at 700°c for 2 hrs.) was also taken, and 
the difference between calculated peak positions of pure Ni 
and measured peak positions of pure Ni was made at corres- 
ponding 2© angles. The corresponding errors at the peak 
positions of sample were taken into account. 
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Using Bragg’s law, the ’a’ values are determined 
for all (hkl) planes for each alloy. 

According co Bragg's law. 


A = 2d sxne (1) 

where A = wavelength of the radiation used 
d = interplaner spacing 
6 = angle of incidence. 

The alloy is FCC. For a cubic material 


.2 ,2 ,2 

h + k + 1 


( 2 ) 


d a 

where 'a 1 is the lattice parameter and (hkl) are the indices 
of the plane *f reflection. Hence 


A(h 2 + k 2 + I 2 ) 37 " 2 
2 sin© 


(3) 


The copper radiation is used for the determination 
of lattice parameters. A values for Cu are as follows^ 64 ^: 


^CuK 

^CuK 

X CUK 


a 


a. 


a 

2 


1.54178 A 
1.54051 A 

1.54433 A 


For FOC structures, h, k and 1 should be unmixed. 
Therefore, only reflections will occur for planes (111), 
(200), (220), (311), (222), (400), (331), (420) etc. Since 
'©' is read from the diffraction pattern, 'a* values are 
determined for all (hkl) planes for each alloy. From 
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Nelson-Riley extrapolation method, the precise values of 
lattice parameters for all the samples, homogenised and aged, 
were determined. All the measurements were made in the 
laboratory where the temperature was 21 + 1°C. 

3.6 Microscopy 

The samples were metal lographically polished and 
etched. The etching agent employed was the mixture of concen- 
trated nitric acid (50 ml), glacial acetic acid (25 ml) and 
water (25 ml). The microstructures were observed with opti- 
cal and scanning electron microscopes. 

3.7 Microhardpess Measurements 

The samples are polished, etched to reveal the 
structure. The microhardness values of the samples were 
determined by Leitz microhardness tester. A load of 25 P 
and a square-based Diamond Pyramid indentor were employed 
for indentation of the samples, several indentations were 
made on the specimens and their average of microhardness 
values were taken. 
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Chapter IV 

Results 


4.1 Homogenized sample 

The cast alloy containing 14 at. % Si in nickel homo- 
genized in vacuum sealed quartz tube at 1100° C for 24 hrs. 
and quenched in water showed homogenised micro structure shown 
in Figure 4.1.1. The microha rdness cf this sample was 
measured, the values are tabulated in Table 4.1.1. 

The microhardness of another sample treated in a 
similar manner but aircooled from homogenisation temperature 
was also measured, the values are shown in Table 4.1.1. 

In order to measure the lattice parameter of this 
alloy, powders of the homogenised sample were taken, they 
were vacuum sealed and annealed at 1050°C for 20 minutes and 
water quenched. These strain relieved powders are used for 
X-ray measurements along with pure nickel powders which were 
used as standard whose lattice parameter has earlier been 
determined using a quartz standard as 3.5239 A. 

The angular position of peaks from the nickel 
powders as well as the Ni-14 at. % Si alloys are listed in 
Table 4.1.2. The Table 4.1.2 also lists the theoretical 
positions of pure nickel, the error in these peaks and the 
corrected values of the peak positions of Ni-14 at. % Si 
alloy. From these data, the 'a' values and the Nelson-Ftiley 
function have been calculated and listed in the Table 4.1.2. 
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Table 4.X. 1 Microhardness Values o£ Ni-14 at 
Homogenized and Aged Samples 


Treatment 

Temperature 

Time 

(a) Homogenized and 

uoo°c 

24 hrs. 

quenched 

Aged at 

650°C 

1 hr. 

4 hrs. 

7 hrs. 

(b) Homogenized and 

1100°C 

24 hrs. 

aircooled 

Aged at 

750°C 

1 hr. 

2 hrs. 

6 hrs. 

10 hrs. 

70 hrs 

150 hrs. 

241 hrs. 


70Q 9 C 

1 hr. 

2 hrs. 

3 hrs. 

4 hrs. 

5 hrs* 

10 hrs. 

40 hrs. 


% Si Alloy, 


Microhardness 
(DPN ) 

503 

552 

589 

563 

440 

419 

410 

413 

402 

399 

398 

398 

486 

456 

446 

449 

444 

444 

411 
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The ’a' values are plotted against the Ne lson-Ri ley function 
in Figure 4-1.2. The best straight line through the experi- 
mental points gives the value of 'a' as 0.351810 nm. 

4.2 Effect of Aging 

4.2*1 Aging Temperature at 850°C 

Powders of the homogenised alloys quenched from 1050°C/ 
were aged for 20 hrs. and 38 hrs. and their X-rays were taken 
with nickel standard. These X-ray data were analysed in a 
manner described above. The raw data for 20 hrs. of aging 
is given in Table 4.2.1 and the corresponding plot is in 
Figure 4.2.1. The raw data for 38 hrs. of aging is an Table 

4.2.2 and the Nalson-Riley plot is in Figure 4.2.1’. The 'a 1 
values are listed in Table 4.1.3. The lattice parameters are 
plotted against aging time in Figure 4.2.2, 

4.2.2 Aging Temperature at 7S0°C 

The powders of sample quenched from 105 0°C for 20 
minutes are aged at 1, 2. 10. 150 and 310 hrs. and examined 
by X-ray. The raw data are given in Tables 4.2.3. 4.2,4, 

4.2.5. 4.2.6 and 4.2.7. The Nelson-Rilay plots are given in 
Figure 4.2.3. The 'a 1 values are listed in Table 4.1.3 and 
are plotted as a function of aging time in Figure 4.2.2. 

Bulk samples of the alloy were aircooled from homo- 
genised temperature and aged at 750°C for various lengths of 
time. The microhardness values are listed in Table 4.1.1. 

They are also plotted in Figure 4.1.3. 



nm q, nm - a, nm 



Fig 4.1 2 Nelson - Riley plot for sample homogenised, 
strain relieved and quenched . 



Nelson -Riley function 


Fig 4.2.1 Nelson -Riley plots for sample aged at 
850°C for (a) 20 hrs (b) 38hrs 
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The structures of the samples aged at 7 50°C for 
various times are shown in Figure 4.1.1. 

4*2.3 Aging Temperature at 700° c 

Quenched powders from the homogenised temperature 
were aged at 70Q°C for 1, 2, 4, 10 and 40 hrs. of time and 
their X-ray diffraction pattern were taken using nickel as 
standard. The raw data are listed in Tables 4.2.8, 4.2.9, 
4.2*10, 4.2.11 and 4.2.12 and Nelson-Riley functions are 
plotted in Figure 4.2.4. The 'a* values are listed in Table 

4.1.3 and are plotted against aging time in Figure 4.2.2. 

The bulk samples aircooled from homogeneous temper- 
ature were aged and macrohardness values are measured . They 
are listed in Table 4.1.1 and plotted against aging time in 
Figure 4.1.3. 

The structure of bu_k. samples aircooled from homo- 
geneous temperature and aged at 700°C for 0 h~s. is shown 
in Figure 4.1.1. 

4.2.4 Aging Temperature at 650°C 

Powder samples quenched and aged at 650°C were sub- 
jected to X-ray measurements. The data are given in Tables 
4.2.13, 4.2.14 and 4.2,15 and Nelson-Riley functions are 
plotted in Figure 4.2*5. The 'a' values are listed in 
Table 4.1.3 and these are plotted against aging time in 
Figure 4.2*2* 


m 

The microhardness values of bulk: samples quenched 
from homogenisation temperature and aged at 650°C have been 
measured. They are listed in Table 4.1.1 and are plotted 
against aging time in Figure 4 . 1 . 3 * 

The micro structure of sample aged up to 7 hrs. are 
shown in Figure 4.1.1. 

4.2.5 Aging Temperature at 600° C 

Powder samples quenched from homogenisation tempera- 
ture were aged at 600°c and their diffraction pattern were 
taken. The data are listed in Table 4.2.16 and Table 4.2.17 
and the Nelson-Riley plots are in Figure 4.2.6. The 'a' 
values are listed in Table 4.1.3 and are plotted as a func- 
tion of aging time in Figure 4.2.2. 
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Table 4.1.3 Lattice Parameters of Homogenized 

Phase of Aged Samples 


Treatment 

Temperature 
€•“ C) 

Time 
(hrs • ) 

Homogenized and 
quenched 

1100 

24 

Strain relieved 

1050 

0.33 

Powders quenched from 
homogenized tempera- 
ture and aged at 

850 

20 



38 


750 

1 


2 

10 

150 

310 

700 1 

2 
4 

10 

40 

650 92 

165 
198 
22 
85 


and Matrix 


Lattice 

parameter 

(nm) 

0.351810 

0.351865 

0.351910 

0.351890 

0.351910 

0.3519-46 

0.351975 

0.351975 

0.351872 

0,351911 

0.351940 

0.352003 

0.352022 

0.351860 

0.351887 

0.351939 

0.351812 

0.351832 
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Table 4.2.2 calculation of ‘a* Values for the Matrix Phase from Diffraction pattern of 
Ni-14 at. % Si; aged at 850° C for 38 hrs. 
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Table 4.2.4 Calculation of 'a' Values for the Matrix Phase from Diffraction pattern of 
Ni-14 at. % si Alloy? Aged at 750°C for 2 hrs. 
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Table 4*2.5 calculation of »a' values for the Matrix Phase from Diffraction Pattern of 
Ni-14 at. % si; Aged at 750°C for 10 hrs. 
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Table 4.2.6 calculation of 'a* values for the Matrix Phase from Diffraction Pattern of 
Ni-14 at, % si. Aged at 750°C for 150 hrs. 
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Table 4*2.7 calculation of 'a' Values for the Matrix Phase from Diffraction Pattern of 
Ni-14 at. % Si, aged at 750°C for 310 hrs. 
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Table 4.2*8 Calculation of 'a' values for the Matrix Phase from Diffraction Pattern of 
Ni-14 at. % Si, Aged at 700°C for 1 hr. 
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Table 4. 2.9 calculation of 'a ' Values for the Matrix Phase from Diffraction Pattern of 
Ni-14 at. % Si, aged at 700°C for 2 hrs. 
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Table 4*2.12 calculation of ’a 1 Values for the Matrix Phase from Diffraction Pattern of 

Ni-14 at. % si, Aged at 700°C for 40 hrs. 


CD 

U 

JG 

O 

U 

o 

m 

o 

o 

O 

O 

4J 

rtf 

% 


!>i 

o 


rd 

CO 


fO 

t-S 

I 

-H 

a 


2 *0 

C T3 

O 4J 

•h a CD 

CD 0) 03 

•o « Vi 


CD 

03 

CO 

O! 


<D 
<D <N 
C w 

\-ri O 

tfl o 


!(D 


6 

& 


ffl 


T 


-P 
0 

0) CD 

U 03 

M 

0 

-U 

TJ 

<D 

-P 

a 
a> 

o 


u 

2 

:_.Uj£iL. 
Tt 
$ 

2 <D 
to <n 

td 


(D 

<N 


a 

u 

w 


<D 

oi 


rH 




X 

p 

0 

u 

*r*f 

0 <D 

d 

CD 04 


<d 

# d 

<D 

u 

3 

..2L 

Dl 

i 


Theore 

tical 

2© 


d* 

c 

X! 

o 

0) 0) 

r» c 
*w m 

<0) H 

os a 




in 


in 

o 

9 

146.83, 

v£> 

o- 

CO 


m 

H 

O* 

in 


vD 

CP 

OJ 

O 

o 

r-4 

• 

• 

• 

• 

* 

r—5 

tH 

r-i 

r— S 

o 

m 

10 

03 

03 

CO 

03 

in 

r-S 

10 

o 

vD 

vO 

CO 

(X) 

o 


r-i 

r-i 

T-i 

03 

LH 

UP 

in 

in 

in 

co 

CO 

CO 

CO 

CO 

• 

• 

* 

* 

• 

O 

O 

O 

o 

c 


o 

10 

o 

CP 

H 

r-i 

T~? 

CO 

03 

o* 

CO 

m 

vO 

CO 

in 

03 

vD 

CP 

O 

• 

» 

• 

• 

• 

vO 

CO 

CO 

CO 

in 


CP 

CP 

CP 



O' 

CO 

a 

r-i 

r-i 

r-i 

vO 

OP 

in 

00 

CP 

o 

CP 

CP 


o 

t— 5 

o 

o 

c 

♦ 

• 

♦ 

« 

• 

o 

o 

o 

c 

o 

1 

1 

1 

1 

1 

o 

CO 

CO 

O' 

CP 

o 

<3* 

r-i 

CO 


CO 

o- 

m 

vO 

CO 


H 

in 

\Q 

CP 

• 

« 

• 

• 

* 

V0 

CO 

00 

CO 


o 

CP 

CP 

CP 


03 

m 

Ol 

r-i 

t— 4 

o 

o 

03 

CO 

CO 


o 

r-i 

o 

OP 

-sj* 


r-J 

r-J 

o 

o 

• 

« 

• 

♦ 

* 

o 

o 

O 

o 

o 

I 

1 

s 

I 

* 

o 

r-i 

o 

o 

CO 

in 

vO 

o 

in 

CO 

r* 

t — 1 

CO 

v0 

CP 

O) 

cp 

CO 

vO 

in 

• 

• 

• 

• 

• 

vO 

03 

CO 

00 


r- 

CP 

CP 

CP 


03 

vO 

03 

r-i 

T— ! 

O' 

in 

CO 

CO 

CO 

o 

i> 

03 

CO 

i£> 


CO 

o 


0- 

o 

• 

» 

* 

• 

« 

vO 

ro 

CO 

CO 


t> 

av 

CP 

CP 


r-i 

8 


r~4 

03 

t-4 

r-i 

o 

r-4 

04 

03 

r-4 

03 

r-i 

03 

04 

CO 

C*3 

rO . 

04 

03 

CO 



■w* 1 

sy 

"W* 


(331k, 145.5433 145.4937 -0.0496 145.8710 -0.0496 145.9206 0.352033 0.1573 



> 


Nelson -Rile 

Fig. 4.2.4 Nelson -Riley plots for sarr 
(b) 2hrs (c) 4hrs (d) lOhrs 









Phase from Diffraction pattern of 


65 


3 8 

u & 

-P 

fd 

S CTi 




u 


u o 

O O 
4-1 O 
tn 
M vO 


8 


4J 

r-i (0 
fd 

>% 

- O* 
fd < 


"A *H 
O 03 

C ^ 

o 

3J 

fd fd 

r-3 

0-1 
r*4 I 

fd -h 
O % 




r-8 04 


8 


t 

v£> 

03 


03 

vO 

in 

O 

o 

r-i 

03 

in 

CTi 

* 

• 

• 

c\ 

cr\ 

vD 

o\ 

CTi 

“=tf 

t— 5 


in t-i o o* cn 

co o\ n ^ & lQ 

t-5 o co m vo ^ 

03 0\ 03 O O — S 

• •****• 
t -8 r -5 r -8 r -5 r -5 O O 


CTi 

\0 

CO 

O 

nO 

O 

o 

CO 

0- 

Ol 

CO 

03 

CO 

CO 

03 

r-*8 

i—8 

*-5 

t— 1 

r-5 

m 

m 

in 

in 

in 

co 

co 

co 

CO 

CO 

• 

* 

« 

* 

» 

O 

O 

O 

O 

O 

03 

03 


r- 

CO 


CO 

CO 

03 

CTi 

03 

03 

r-i 

03 

CO 

m 

«> 

t-8 

vO 

c\ 

• 

• 

• 

• 

ft 

vD 

vD 

ro 

CO 

CO 

j-v 


03 

o\ 

03 


03 r-5 

t—8 r~5 

CO 03 

r -8 —8 

ui m 

co co 


in 

co 

oi 


O 

l> 

0% 

o 


in vo 

t-5 r-5 


in 

r-5 

m 

10 

03 

CO 

vO 

t-8 

vO 

Ch 

NO 

1—8 

in 

\D 

03 

t— 8 

i—8 

o 

r-5 

r— 5 

r— 1 

T— J 

t— 8 

t—8 

« 

• 

♦ 

• 

• 

• 

O 

o 

o 

o 

o 

o 

T 

I 

1 

t 

I 

1 


in 

o\ 

o 


0 

1 


v£> 

r* 

\D 

CO 

ft 

n£> 

I> 


i -8 

cn 

r -5 

r -8 

03 

ro 

Ol 

i -8 

o 

CO 

CO 

*3* 

vO 

03 

r -8 

03 

CO 

in 

m 

03 

in 

CO 

1—5 

03 

* 

nO 

ft 

03 

« 

CO 

» 

CO 

* 

m 

ft 

in 

r* 

03 

03 

03 

r -8 

«sj< 

t —8 


CO 


03 

in 

CO 

in 

»-8 

03 


vO 


vO 

03 

Ol 

1-8 

i — j 

i-8 

r-5 

r-5 

r-5 

? 

ft 

0 

1 

• 

0 

1 

• 

o 

* 

ft 

o 

s 


in 

CO 

r- 

CO 

03 

t- 

VO 

CO 

v£ 

03 

<o 

o 

o 

o* 

03 


CO 

CO 

NO 


« 

ft 

• 

ft 

\ o 

NO 

03 

00 

CO 


r** 

03 

03 

03 


CO 



in 

iH 

03 

1-8 

o 

ft 

ft 

o 

o 

t 

t 

NO 


03 


in 

<T 

# 

• 


in 



t-j 

r-8 


03 

in 

i> 

co 

• 

vD 

t> 


03 

03 

03 

CO 

03 

CO 

03 

03 

ro 

in 

03 


• 

• 

» 

lO 

Ol 

CO 

r- 

03 

Ov 


t-5 

ro 

iO 

t> 

CO 

Ch 


s 

vD 




CO 

CO 

in 

* 

in 

■3* 

t— 8 





03 

r-5 

r-8 

03 

r-5 


£J 


b 









*rs. 

o 

r-8 

03 

03 

r~8 

r-5 

ot 

i-8 

03 

03 

CO 

CO 

03 

CO 

03 

03 

CO 

co 

S-/ 

v-y 

w 


v-X 

•w 


\ 



phase from Diffraction pattern of 


m 

x u 

•r\ jC 

U 

tn 

id vO 

S «-* 

0 ) M 
£ 0 
+3 

U O 
Oo 

^ o 

in 
03 UD 
( 1 ) 

r*4 fd 

m _ 
> *0 
0 

- O' 
0 < 


0 

c 

o 

-I 

P 

0 


% 

-HI 

to 


4 J 

0 


3 ^ 
O h 
rH I 
<d *H 
6& 


«*i 

rH 

04 

« 


43 



«H 

rH 

rH 



8 


X 

O* 

CT> 


*> 

05 

O- 

c\ 


05 

CO 

05 

CT\ 

vO 

05 

Q\ 

GO 

» 

« 

* 

• 

<o 

0\ 

99 

$ 

O' 


i — i «-i 


O' 

05 

\J o 

05 

no 

CO 

o 

CO 


m 


n 

05 

(O 

in 


vn 

in 

C\ 

05 

O 

O 

rH 

rH 

• 

• 

» 

* 

• 

• 

rH 

rH 

rH 

rH 

o 

o 

o 

vO 

v£> 

o 


vO 

vO 

in 

o 

O' 

O' 

G\ 

a\ 

00 

0\ 

on 

CO 

00 

rH 

rH 

rH 

rH 

rH 

tH 

in 

tn 

in 

in 

LD 

in 

CO 

CO 

(O 

CO 

CO 

CO 

• 

« 

• 

• 

• 

• 

O 

o 

o 

o 

O 

o 

CO 

in 

o 

\Q 

05 

o 

in 

05 

10 

03 

05 

in 

CO 

tH 

rH 

Ol 

!> 

vO 


rH 

vO 

on 

rH 

o 

* 

• 

• 

* 

« 

• 

vD 

CO 

co 

CO 

m 

vO 

O' 

cn 

(T\ 

on 

tH 

rH 

CO 

<o 

CO 

rH 

05 

lo- 

0\ 

vO 

O' 

04 

Ol 

in 

rH 

rH 

o 

o 

CT\ 

on 

tH 

rH 

rH 

tH 

O 

o 

f 

• 

• 

• 

• 

9 

0 

1 

0 

1 

? 

0 

1 

0 

1 

0 

1 


vO 

in 

05 

vO 

05 

CO 

in 

O 

o 

o 

o 

o 

\0 

o\ 

o 

Ol 

CO 

t> 

CO 

• 

vO 

O' 

Ol 

• 

05 

On 

in 

* 

CO 

on 

CO 

CO 

ON 

o 

♦ 

m 

rH 

0\ 

• 

in 

rH 

in 

in 

o 

rH 

05 

O' 

o 


in 

Ol 

O' 

m 

w 

05 

tH 

rH 

O 

CO 

CT\ 

rH 

rH 

tH 

rH 

o 

O 

« 

o 

« 

4 

0 

1 

• 

0 

1 

• 

0 

1 

* 

o 

$ 

• 

0 

1 

76.2547 

92.8147 

98.3182 

98.6610 

144 . 5535 ' 

vO 

• 

m 

rH 


05 

Ol 

03 

in 

o\ 

CO 

O' 

05 

CO 

CO 

o\ 


• 

* 

• 

NO 

03 

CO 

0** 

c\ 

<J\ 


rH 

O' 

CO 

CO 

o 

CO 

vO 



O' 

vO 

m 

* 

• 

* 

CO 


in 

CO 




rH 

rH 



rH 


8 


*H 

<o 


rH <n 

<N 04 

05 04 

Ol 05 


rH 


t5 

rH 

co 

CO 


05 




66 



67 















Table 4.2.17 Calculation of 'a 1 Values for the Matrix Phase from Diffraction Pattern of 

Ni -14 at% Si, Aged at 600 °C for 85 hrs. 
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2.0 3.0 

Nelson -Riley function 

Fig. 4.2.5 Nelson -Riley plots for sample aged at 650°C for 
for (a) 92 hrs (b) 165 hrs (c) 198 hrs. 


a 0 - 0.351812 nm (a) 



Nelson -Riley function 

Fig. 4.2.6 Nelson -Riley plots for sample aged at 600°C for 
(a) 22 hrs (b) 85hrs. 











Chapter V 


Discussions 

5-1 Solvus of the Ni~rich solid Solution 

The lattice parameter of Ni-14 at. % si alloy- 
measured in this investigation has been plotted in Figure 
5-1.1 along with all available data. The result of this 
investigation is in good agreement with available data. 

The lattice parameters of aged alloys are plotted 
against aging time in Figure 4.2.2. At two temperatures, 

700 and 750°C, it clearly shows that the lattice parameter of 
matrix phase approaches a constant value after some time. 
These constant values must correspond to the solid solutions 
which is in equilibrium with the precipitate at these aging 
temperatures. Figure 5.1.1 is a plot of lattice parameter 
versus composition. From this plot the composition of the 
matrix in equilibrium with the precipitate at the above 
aging temperatures were obtained. Recently the solubility 
of Ni 3 Si in the Nl-rich solid solution have been measured by 
Oya and Suzuki. ^ 8 ^ Their values are 14.oat. % at 1015 C 
and 12.0 at. % at 940°C. Values obtained from this investi- 
gation have been plotted in Figure 5*1*2 along with the 
results of Oya and Susuki.^ 8 ^ The figure shows a smooth 

solvus line. The eutectoid temp - rature of 1035 C shown xn 

( 8 ) 

this figure is due to Oya and Suzuki. 



3.530 
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Concentration of Si (at%) 

Fig. 5.1.1 Composition dependence of lattice parameter of the Ni-Si primary solid 
solution and the N f 3 S i ft* phase. 
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Fig. 5.1.2 Solvus curve on nickel rich side in Ni~Si 


system. 
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5* ^ Equilibrium between Ni ^ sl and Ni-Si Solid Solution 

The latest phase diagram due to Oya and Suzuki^ ^ 
shows that the composition of Ni 3 si which is in equilibrium 
with Ni-rich solid solution at 827°C is 22.7 at. % Si and 
the trend at lower temperatures is for this composition to 
remain constant. 

The equilibrium between 773 Si Q 227 and the 
solid solution may be represented by the following equation 


0.773 Ni (in solid solution.) + 0.227 Si (in solid solution) 
Nl 0.773 S± 0*227 


Hence the equilibrium constant 


= Nl 0.773 Si 0.227 

0.773 0.227 

Ni * si 


Taking the activity of N ^o. 77 3S : *’0. 227 to * arK ^ 
taking the activity coefficients to be , 


K 


1 

0.773 v 0.773 Y 0.227 

V Ni * ^ * r Si 


.0.227 

Si 


Since the composition of the solid solution in 
equilibrium with Ni 0>773 Si 0#227 varies within 6 at, % Si, 
the activity coefficients are assumed to be constant. 

Hence the standard free energy change, G° is 
given' by the following equation 


A G 


o 


- RT InK 


+ RT ln<i 773 
+ RT lr*4[ 773 


„ 0.227 

•Y si 

v 0. 227 

* x si 


) 

) 
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or 


&H° - T As° - rt ln(Y°! 773 . Y g£ 227 ) 


= RT ln(x^: 773 . Xg£ 227 ) 


0.773 log X Ni + 0.227 log X si 


A H° 

2.303 RT 


- (' 


hS° + R 


InY 


0.773 

Ni 


v 0.227 
Y Si 


2.303 R 


) 


log X si + ( o.227 ^ X Si 


ah° 


( 0 . 227 ) ( 2 • 303 )RT (0. 227 ) ( 2. 303 R) 

0.773 


As° + R InY ^ 


0.773 v 0.227 
* Y Si 


) 


Plotting (log X s± + log x^) against l/T, one can 

determine the standard enthalpy of formation (AH°)of the 

compound ^ 0mll3 s± 0 ,o27‘ ^ valxaes of (log X s± + 

( o"! 2 ~ | ) log -^Ni^ and 1/ ^ T are listed in Table 5.2.1 and the 

plot is shown in Figure 5.2.1. The slope gives the value of 

-351 cal/mole as the standard enthalpy of formation of 

Ni- si_ This is in very good agreement with standard 

0.773 0.227 

enthalpy of formation of 200 cal/mole determined by Jena and 
RamBrahma^ 16 ^ of Ni n # 77^* e 0.225* 


5.3 Hardening Effect of Silicon in Ni-Si Soli d solution 

The plot of change of flow stress against change of 
Lattice Parameters for a marker of Ni-base allays as studied 
by Grant et al^ 65) is shown in Fxg. 5.3.1. Jena and RaraBrahma^ 
demonstrated that change of mdcrohardness with change in A a Q is 



76 


Tab le 5.2-1 Experimental Values of X gi and the correspon- 
ding Solv.us Temperature 


Temperature 

X Si 

log X si + ( 0.’227 )1Og ^i 

1/T (“K' 1 ) 

700°C 

0.0971 

-1.1638 

10.277X10" ' 

750°C 

0.1038 

-1.1459 

9.775x10"' 

940°C 

0.1200 

-1.1099 

8.244x10" 

1015°C 

0.1400 

-1.0769 

7.764x10" 



dog x Si * olF log * Ni 
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1/T, K" 1 
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also linear with Ni-Ge allays (Figure 5.3.2). It has been 
suggested that elements having same electronic str uc ture 
should have same hardening effect. However., change of hard- 
ness against Aa plots for Ni-5n^ 66 ^ and Ni-si 

alloys cannot be represented by a single line as shown in 
Figure 5.3.2. A plot of change of hardness versus composition 
shown in Figure 5.3.3 c lea rly r demonstrates that the hardening 
effect due to tetravalent elements si, Ge^ 16 * and sn^ 66 ^ 
with considerable covalent bonding depends simply on the 
atomic percent of the alloying elements. 

When these solutes are present in the solid solution, 
the atomic configuration around the solutes are considerably 
disturbed which leads to increase resistance to the motion 
of dislocations and consequently to the increase in hardness. 

It is, therefore, expected that these elements would have 
similar effects on hardening. 

5. 4 Kinetics of Precipitation 

Figure 5-1.1 shows that lattice parameter is a 
linear function of solute concentration c. Thus 

a = A + BC (5.4.1) 

where A and B are constants. 

The volume fraction of precipitate Y may be expressed as 



where C Q = concentration of solute in the alloy 

C = concentration of solute at any time *t* 



Change in microhardness, DPN 
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Change in lattice parameter, nm 


Fig. 5.3.2 Increase in microhardness values with 
change in lattice parameter. 



Concentration of the alloy, atom. % 


Fig. 5.3.3 Increase in microhardness values with composition. 
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concentration of solute at equilibrium. 
Combining equations (5.4.1) and (5.4.2), one can show that 



The transformation behaviour can in general be 
expressed by the Johnson-Mehl type of equation 

-u- , -Kt n 

Y = 1 “ e (5.4.4) 

where K and n are constants, and t is time of transformation. 
The equation (5.4.4) can be written as the equation below: 

log log(j- = ^g( 7;f 0 2 6 ) + n log- 1 (5.4.5) 

The Figure 4.2.2 showing variation of 'a' with aging 
time shows that aging at 700°C and 750°C have resulted in 
attainment of equilibrium and the lattice parameters of the 
matrix 0.352022 and 0.3519T5 rurr, respectively can be taken as 
the lattice parameters at equilibrium. Thus it is possible 
to calculate Y from equation (5.4.3). The values of Y so 
calculated have been listed in Table 5.4.1 and are plotted in 
Figure 5.4.1 after equation (5.4.5). The slope obtained from 
these plots is 0.83 in both the cases. The value of K 
obtained are 3.63 x 10 4 at 700°C and 1.26 x 10 4 at 750°C. 
These plats and the low scatter show that the data are 
internally consistant. 

The data corresponding to 850, 650 and 600° C cannot 
be treated in this manner as values of r a e ' are not known. 
However, these represent the initial stages of transformation 
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Table 5.4.1 

Volume Fraction of 
750°C for various 

Precipitates 

Times 

at 700 and 

1 

Temp ( °C) ! 

I 

« 

1 

""""T " 

i 

Volume Percent | 
of 'Y 1 

- ! 1 

log log (y^ 

t 

log t ( sec.) 

i 

t 

700 °C 

29.2 

-0.82320 

3.5563 


47.6 

-0.55127 

3.8573 


61.3 

-0.38455 

4.1584 


91.0 

+0.02019 

4*5563 

7 50 °C 

48.5 

-0.5025 

3.5563 


60.6 

-0.3930 

3.8573 


82.4 

-0.1220 

4.5563 
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where Y is very small, under these conditions of small Y , 

Ind * °° uld be expanded and equation (5.4.4) may be 
reduced to the following form 

Y * Kt n (5.4.6) 

or lo< 3f T ~ log K + n log t (5.4.7) 

Combination equation (5.4.7) with equation (5.4.3)# one 
obtains as the equation below 

lag(a - a Q ) - log K(a e - a Q ) + n log t (5.4.8) 

The data at 850# 650 and 600°C are listed as (a - a ) 

and 't* in Table 5.4.2 and are plotted after equation (5.4.8) 

in Figure 5.4.2, which shows that the data are again internally 

consistant and have low scattered. The values of 'n.' and 

-4 

are 0.83 and 2.4x10 respectively. 

Diffusion controlled precipitates on spherical parti- 
cles should lead to value of 1.5 for 'n*. However, the value 
of 0.83 obtained in all cases suggests that other diffusion 
mechanisms may also be involved. However, the fact that same 
value of 'nr' obtained for entire time range of precipitation 
and the same mechanism operates over the entire range, meta- 
stable phases do not form during precipitation. 

The rate of precipitation changes appreciable from 
temperature to temperature as showi in Figure 4.2.2. The 
time required at any given temperature for obtaining 5% of 
the product has been plotted in Figure 5.4.3. Data for this 
figure are obtained in the following manner. 
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Table 5.4 .2 Calculation of log ( a— a ) and log t 

after Johnson-Mehl Equation (5.4.8) 


Temp .( °c) 

* I 

log ( a -a,) | 

« o , 

* 1 

.! i 

log t ( 

600 °C 

- 5 .700 

4.899 


-4.658 

5.486 

650°C 

-4.301 

5.520 


-4.114 

5.774 


-3.889 

5.853 

850 °C 

-4.260 

4.857 


■**4 * 000 

5.136 
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Fig. 5.4.3 Calculated C-curve for 5 pet. trans- 
formation of precipitated phase N^Si . 
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Time for obtaining 5% of transformation may be 
expressed as 



(5.4.9) 


This equation may also be expressed in terms of 'a 1 in the 
following manner 



(5.4.10) 


where a is a constant. 

The values of 't* for 700°C and 750°C are obtained 
using equation (5.4.9) and are plotted in Figure 5.4.3. Also 
initial da/dt are obtained for 700° and 750°C and these are 
combined with 't* for Y = 0.05 and values of 'a* are calcu- 
lated from equation (5.4.10). Using these values of 'a* and 
initial da/dt for 850, 650 and 600°C aging, the values of t t' 
were calculated and plotted in Figure 5.4.3. The figure also 

shows the solvus temperature obtained from the latest phase 

( 8 ) 

diagram given by Oya and Suzuki « 

This figure clearly shows a perfect expected c— curve 
type of behaviour and explains the apparent unusual variation 
of the rate of precipitation with temperature. 


5.5 



The additional peaks obtained after precipitation 
correspond to the reflections from Ll 2 N^si. The correspon- 
ding lattice parameters have been shown in Table 5.5.1. Some 
of them have been plotted against the corresponding 
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Nelson-Riley functions in Figures. 5. 5.1# 5.5.2 and 5.5,3. 

The best ‘a* values are listed in Table 5.5.2. 

The value of lattice parameter 0,350 22 nm obtained 

from this study is in excellent agreement with the lattice 

parameters from the literature of Osawa and Okamoto^ 4) as 

0.3503 nm (23.8 at. % si) # Badtiev^ as 0*3504 nm and of 
( 24) 

Labili as 0.3505 nm ( 24-26 at. % Si). 

The precipitate distribution is clearly shown in 

Figure 4.1.1 taken after aging at 750°C for 70 and 241 hrs.# 

at 700 °C for 40 hrs.# at 650 °C for 7 hrs. and at 600°C for 

22 hrs, Electron microscopy observations by Chakraborty and 
(7) 

Hornbogen has confirmed that Ni 3 Si forms coherently. The 
mismatch between Ni 3 Si and Ni-14 at. % Si is only 0.45%. It 
is therefore expected that these particles appear coherently. 
They also observed spherical particles at 600 and 750°C. In 
this investigation scanning electron micrographs of samples 
aged at 750°C for 70 hrs. / 700 °C for 40 hrs. and at 600 °C for 
22 hrs. seems to be spherical. The precipitates are very 
fine in early stages# therefore# could not be observed. 








nm a, nm a. nm 


0.3504 

— 


Qq = 0.3S022 nm 


— 

~ o 

--Q 

0.3502 

i 


o 

I 


-L | | 

1-0 2.0 3.0 


Nelson -Riley function 


Fig. 5.5.1 Lattice parameter of pracipitated phase of 
sample aged at 850°C for 38hrs. 
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Fig. 5.5.2 Lattice parameter of pracipitated phase of 
sample aged at- 750°C for 310 hrs. 



Fig. 5.5.3 Lattice parameter of precipitated phase of 
sample aged at 650°C for (a) 92 hrs (b) 165 
hrs (c) 198 hrs. 
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Table 5.5.2 'a' Values of Precipitated P^-sil^Si Phase 


Temp ( °C) 

1 

1 

1 

1 

1 

I 

1 

...1 

Time | 

Lattice Parameter 
(nm) 

850°C 

38 

hrs. 

0.35022 

750°C 

310 

hrs. 

0.35031 

650°C 

92 

hrs. 

0.35022 


165 

hrs. 

0.35022 


198 

hrs . 

0.35022 
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5.6 Hardening Effect due to precipitation. 


Microhardness changes in the sample due to aging are 
shown in Figure 4.1.3. It shows that at 750°C, there is no 
hardening effect in fact the matrix starts softening due to 
the depletion of silicon. At 750°C, the temperature is so 
high that even during aircooling precipitation has taken place 
in the matrix and the precipitates quickly coarsen so that 
there is no hardening effect. This is demonstrated as a fact 
that specimens water quenched from homogenisation temperature 
has much higher hardness than those which were air cooled. 


Similar behaviour is observed at 700° C of aging. 
However, because of lower rate of precipitation slight hard- 
ening effect is observed. 

Specimens were water quenched from homogenisation 

temperature in order to prevent precipitation during air- 
cooling. These were then aged at 650°C as a function of time 


Aging at 650‘c clearly gives considerable increase in strength. 
However, it starts softening only after 4 hrs . It dear y 
shows that in this system hardening effect can be observed 
but at a leaver temperature. The leek of appreciable hardening 
by silicon is ».t likely due to the smell mismatch of 0.4W 


in this system. 



Chapter vi 


Summary and Conclusions 


(1) The lattice parameter of Ni-14 at. % si alloy has been 
measured experimentally and was found to be in good 
agreement with the published results. 

(2) The solution; treated Ni-14 at. % Si alloy has been aged 
at 850°C for 20 and 38 hrs., at 750°C for 1, 2, 10, 

150 and 310 hrs., at 700°C for 1, 2, 4, 10 and 40 hrs., 
at 650°C for 92, 165 and 198 hrs. and at 600° C for 22 
and 85 hrs. and their lattice parameters were measured. 

(3) The lattice parameters approaches a constant value 
after 40 hrs. at 700°C and after 150 hrs. at 750°C. 

The lattice parameters of the matrix phase and the 
precipitate, Ni 3 Si have been determined at 850*0 for 
38 hrs., at 750°c for 310 hrs., at 650°C for 92, 165 
and 198. hrs . 

(4) Prom the results of aged samples, the solvu s line has 
been determined which agrees very well with available 
data. 

(5) The analysis of solvus curve gives a value of -351 cal/ 
mole for the standard enthalpy of formation of compound 


( 6 ) 


N1 0.773 S1 


0.227' 


The solid solution hardening found in this investigation 
do not confirm that elements having same electronic struct 
ure should produce same hardening effect* However, it ws.j 
observed that hardening effect depend on atomic percent 
of the alloying element in tetravalent elements (Si,Ge,Sn) 
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(7) The lattice parameter of Ni^Si has been measured from 

the results of aged samples. The values ranging between 
and 0.35031 nm 

0.35022/is in good agreement with the published results. 

(8) The kinetics of precipitation has been studied. It 
follows the JohnsonrMehl type of equation. The slope 
'n* is found to be 0.83 at all aging times and tempera- 
tures. The value of K is found to be 2.4 x 10 The 
result shows that same mechanism is valid at all temp- 
eratures and for entire time ranges. Metastable phases 
do not form during precipitation . 

(9) The c-curve has been established which was found to be 
in good agreement with the available results. 

(10) The precipitation hardening effect was found below 

650°C. Precipitation at higher temperature is so fast 
that it cannot be suppressed by aircooling. Hardening 
of aircooled sample and 1 hr. aging at 700° C leads only 
a slight increase, while the hardening of aircooled 
sarrqple and aged at 750°C for 1 hr. did not observed. 
However, aging at 650°C of quenched sample for small 
times up to T hrs. shows an increase in hardness. 
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APPENDIX 1 
calculation OF 


2 8 VALUES OF PURE tUCKEL 


DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 


program for the 
REAL WCUKAC3J 
INTEGER IH(7),lK(7),IL(7l 
DATA NOUT/20/ 

M PLANE/ 7/ - 

WWCUKA/3/ 

PI/ 3 , 141592654 / 

ANI/3.5239/ 

aCUKA/ 1.541 78,1 .54051 ,1 .54433/ 

IH/1,2,2,3,2,4,3/ 

IK/lj0j2,i;2,0,3/ 

DATA II./ 1,0, 0,1, 2, 0,1/ 

OPEN { UMT=MUtJT/ DEV ICE= DSK 1 
DO 40 JPLAME=1 ,N PLANE 
DO 20 IWCUKA=1#N«CUKA 
0= AL T/SQRT [ FLU AT ( IH ( I PL AM E) * I H ( I PLANE] + IK( I PLAN E ) * 1<\ f i P^ An E ) ♦ 1ft 
1 (lPLAi«£)*Hj( Ipl.A’NE) J ) 

T2C ALC = AS I M ( 0 , 5 + WC UK A 1 1 NC U K A) / D) * 36 0 . 0 /PI 

WRITE (MOOT,*) T2CALC 

C OK T l HUE 
CONTINUE 
stop 
ENG 


F1LE='T2CALC . IMP ' ) 


PROGRAM FOR THE DETERMINATION of LM'I'IO. 
Rf the least SQUARE METHOD 


1 0 

20 

40 


60 
8 0 

IDO 


120 


J. 40 


160 

190 


nacre 1 „ 

REAL AM (21) , ERR V ( 2 1 ) , FN N RM ( 2 1 ) , T2CALC ( 7 , 3 ) , T2NI ST.C / * 3 i 
REAL T2pURE(7,3),T2Pv(2l),WCIIKA(3) 

INTEGER IH(7),IK(7),IL(7) 

DATA NINP0/20/ 

DATA NX N Pi/ 21/ 

DATA NIKP2/22/ 

DATA MOUT/35/ 

DATA f.OUTO/30/ 

DATA NPLA.SE/7/ 

DATA NWCUKA/3/ 

DATA EPS ILN/O , 1 OE-02/ 

DATA PI/3. 141592654/ 

DATA WCUKA/1. 54178 f 1.54051 ,1.54433/ 

DATA IN/ 1,2, 2, 3 ,2, 4 ,3/ 

DATA IK/1,0,2,1,2,0,3/ 


DATA IL/ 1,0, 0,1, 2, 0,1/ 

OpEtt CUN1'T = HINP0 , DEVICE" DSK , 
DpEi'iCUMlTsNlNP.l , DEVICE^ * DSK' . 


. FILE= 'T2CALC.IHP') 
, FILE- ' PUREN I . I NP ' ) 


0 ? E m C U N I T s N l M P 2 , D £ V I C E = ' D S K ' , F IL E= ' N I S 1 . 1 1 J P j 
OPEN ( U M I T=Ki)UT »6EVlCE=DSK .FILES A FH NP. .OUT ) 

Op E d ( OMIT sMOOTO , DEVICE 3 ' DSK , FT LE= T2PERR .OUT * ) iK 
READ (N IDPO, f) ( C T2C ALC ( IPLANE , IHCtIKA) , lWcUKA=l ,NrfCUKA) . 
1 N PLANE) 


I PLANE 

CT2PURECIPLANE,IWCUKA) , IWCUKA-i , 


I P L A N € 

(T2NISICIPLANE, IWCUKA) ,IwCuKA=i ,■ 


CONTINUE 

READCNINP1 , *,£ND=20) 

REAOCNINPl ,*,END=20) 

GO ID Hi 
CONTINUE 

• READCNINP2r*,END=40) 

READCNINP2r*,END=40) 

GO TO 20 

continue: 

fJwMlsNWCUKA-l 
MV=0 

DO 80 IPLAHE=1#NPLANE 
DO 60 IWCUKA=1 mNWCUKA 
T2sT2PURR(IPIiANEjr IWCUKA) 

IF(T2.LT<EP5ILN)G0 TO 60 
NV=WV+1 
T?PV(HV ) -T2 

ERRVCMV)=T2-T2CALC (IPLANE, Ia'CUKA) 

CONTINUE 
CON T I in U K 
IPLA'IE=MV 

continue: 

INC UKAs 1 

L)u 120 IM = 2,T PLANE 
IF (T2PV ( IN-1 ) . LiE. T2PV ( I.-l) ) GO TO 
T2=T2PV(IM-i) 

T2PVCIM-J )=T2PV(IM) 

T2PV(IM)=T2 
T2 = ERHV(T. 4-i) 

EKRV(Ih-l)=aRRV(I.-l) 

EHRVCIM)=r2 

I»iCUKA=IM 

CONTINUE 

IPLANE=lWcnKA-l „ . „„ 

XFClPuANE.Gr. i) GO TO 100 
DO 140 I M = 1 , M V 

WRI TECMUUiO, *)T2PVCIM) , ERftV C T >1 ) 

CONTIiF'E 

WRITECNOUP, 1022) ( WCIJKA Cl >N1 + 1 ) ,IWMl, [«Ml =0, DWM L ) 

H.iay 
Dij 


120 



I Ms 2 
continue 

I.-1=IM+l’ r * T2?V(lM) ) G0 T0 3fl0 

5S£I?3SS-“ V » 60 Tj 160 

L A R 0 R a E \\ R v ( V l ) + ( E H R V ( 1 !M ) - rf R R V (X M ~ 1 ) ) * ( T 2 - T ?. P V ( I s\ ) ) / 


lol 

PARAMETER 


ihla:ie=i , 

WCtlKA) 

WCUKA) 



.2 DO 
3 00 


3 20 


1022 

1044 

1066 


+1 .0/T) 


page 2 

1 (T2PV(IfO-T2PV(IM-l)) 

T2C0RR=T2-ERR0R 
T=T2CORR*P 1/360,0 
D=0 t 5*WCUKA(I.\C[JKA)/SINm 

A = 0»S<?RT(FliOAr(-IH(IpLANE) *m(IPIiANE)+lK(IpTiA!lE)*IKt TPi.rue) + 

FNMn=COsfxUcJlsCT)S(lJo/SX»!fiJ 1 

NM=MM+ 1 
AM(.VM) = A 

FrtNRM(NM)=FNWR ' 

I WM 1 =1 WCUKA- 1 , , „ 

WRITE (NOUr, 1044) IPr,A«fE,IH( IpLAHE) / iK(lPjjANE) , IMIPLAME) . I*M 1 , 

1 T2, ERROR, T2CORR, [>, A, FMNR 

CONTINUE 

CONTINUE 

SIJMAsO.O 

SUMFsO.O 

SUMA2~0 . 0 

SUMF2=0.0 

SlJMAF-0 » 0 

DO 320 I M= 1, MM 

SUM A = SUMA + AM ( I M ) 

SUMF = SUMF + FnNR‘1(TM) 

SUMA2=SUMa2+AM(IH)*AM(IM) 

SUMF2=SUMF 2 +F ,t H 1 {'A t 1 M ) * PM M RM ( I M ) 

SUMAF=SUMAF+AM(IM)*FMNRM(IM) 

CONTINUE 
RN Ms FLOAT ( NM ) 

SIiOPE=(KNM*SUMAF“SUM A*SUMF) /(RNM*SUMF2-SUMF*SUMF) 
AINTs(SUMA-SLOPE*SUMF)/RNM 

CORRLM*10O.0*CR^M*SUMAF-SUMA*SUMF)/SQRT( (RNM*SU.4A2-M1MA*SiiMA) 

1 *cnNM*SUMK2-SUMF *SU,v|F>) 

W R I T E ( 1 1 0 U T , 1 0 6 6 ) S L U P E , A I I’l T , C 0 R R L N 
STOP 

FORMAT ( 9 ( 1 X/ ) , 3 ( 3 4 X , ' q / 1 5 X ; W * , 7 X ' = ' f F9 . 6 , 

2 
3 

formatc ix/iox; , . . . . . 

FORMATCSClX?) SX ? ’ R&SUL'} 6 ; '/SX,6( ' = ' ) / 1 X/ 1 7X , ' SLOPE - ' , IQa, 'r* , 

1 Elfi.8/Jx/l7x, 'A - INTERCEPT = * , K1 6. fl/1 X/l&X # 

2 '( CORRELATION = ' , F 1 0 . 3 , ' % J') 

EHD 


l(U/) ,3(34X, 'o'/15X, 'N' ,7X, # = '»F9.6, „ ,, 

' A V 1 6 X , ' C u KAMl/),5ClX/J,lOX t , PLANE / ,2X-'f * i K l ) 
2 X , ' WCu ' , 4 X , ' T2 N I S I ' , b X , ' ERROR ' , 6X , ' T2C0RR - 9 X , D , 



( « 98040 

6^733 a Date siijfe 98040 

V book is to be returned on the 

date last stamped. 
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